A lthough gametes are epigenetically reprogrammed upon fertilization to establish totipotency (1) , environmentally induced chromatin changes in the germ line can be inherited and affect the offspring (2, 3) . DNA methylation, small regulatory RNAs, and histone modifications have been implicated as carriers of epigenetic information across generations. However, the mechanisms underlying transgenerational epigenetic inheritance and de novo establishment of the zygotic epigenome are poorly understood (2, 3) .
Polycomb group (PcG) proteins are thought to convey epigenetic memory in the late embryo by maintaining the repressed state of Hox cluster genes (4, 5) . PcG proteins also control multiple developmental processes (5) such as germ cell development (6, 7) . Enhancer of zeste [E(z)], the Drosophila homolog of vertebrate EZH1/2, is part of the Polycomb repressive complex 2 (PRC2) and catalyzes trimethylation of histone H3 Lys 27 (H3K27me3). There is evidence that H3K27me3 may be germ line-inherited in some contexts (8) (9) (10) or may be reestablished during early embryogenesis (11) (12) (13) . H3K27me3 can be inherited through the maternal and paternal germ lines in Caenorhabditis elegans (14) , which undergo relatively little reprogramming during gametogenesis and at fertilization (15) . Whether H3K27me3 intergenerational epigenetic inheritance occurs in other organisms that undergo drastic chromatin remodeling at fertilization is unclear. Further, the role of maternally supplied PRC2 in the early embryo remains unknown (16, 17) .
We investigated the distribution of H3K27me3 during gametogenesis in Drosophila and found that it was enriched in the oocyte in females (Fig. 1 , A and B) but was strongly reduced in males during sperm differentiation, consistent with nucleosome replacement by protamines ( fig. S1A ). Although undetectable by immunofluorescence, some H3K27me3-marked histones are retained on mature sperm in Drosophila (18) , similar to mouse, human, and zebrafish (8, 10, 19) . Upon fertilization, H3K27me3 is still detectable in the maternal pronucleus at apposition, before the fusion of the two pronuclei (Fig. 1C, top, and fig. S1B ).
To study early embryos devoid of maternally supplied E(z) mRNA and E(z) protein, we depleted E(z) at late stages of oogenesis (Fig. 1A) . E(z)-knockdown [E(z)-KD] flies displayed reduced levels of E(z) mRNA ( fig. S1C ) and of endogenous E(z) protein ( fig. S1D ) in early embryos. E(z)-KD flies expressing a hemagglutinin-tagged E(z) [HA-E(z)] transgene driven by its endogenous promoter also displayed undetectable HA-E(z) in late oogenesis (Fig. 1B, right) . However, H3K27me3 levels in oocytes were unaltered in E(z)-KD flies relative to wild-type flies (Fig. 1B and fig. S1E ). Moreover, despite effective depletion of E(z) in early embryos, we could still detect H3K27me3 on the maternal pronucleus in E(z)-KD early embryos (Fig. 1C, bottom) . Thus, H3K27me3 is transmitted maternally to the embryo and is not de novo reestablished at fertilization.
We found that inherited H3K27me3 was actively propagated from totipotent nuclei up to zygotic genome activation (ZGA) during early embryogenesis in wild-type embryos (Fig. 1, D and E, fig. S1F, and fig. S2 , A to D), consistent with the nuclear localization of HA-E(z) (Fig. 1,  F and G, and fig. S2B ). In contrast, other histone modifications that we tested, including H3K27ac (acetylation), H3K4me1 (monomethylation of Lys 4 ), and H3K4me3, were de novo established later in the early embryo ( fig. S2 , E to G). Further, H3K27me3 was rapidly lost in E(z)-KD early embryos, after two or three nuclear divisions (Fig. 1E) . Starting from cycle 6, HA-E(z) accumulated in nuclear foci resembling Polycomb bodies, which are typically observed at later developmental stages (Fig. 1F and fig. S2B ) (20) . Thus, maternally supplied E(z) is required to propagate inherited H3K27me3 during early embryogenesis.
To investigate H3K27me3 distribution during development, we performed chromatin immunoprecipitation sequencing (ChIP-seq) at precise stages in wild-type embryos ( Fig. 2A) , including totipotent nuclei (before cycle 9) (21), pluripotent nuclei (cycles 9 to 13, when about 100 genes are transcribed), and ZGA-stage embryos (cycle 14, when most genes are activated) (22) (Fig. 2B and  fig. S2 , H and I). H3K27me3 was already present on totipotent nuclei, consistent with immunofluorescence (Fig. 1D) . We identified 32 H3K27me3-enriched domains that appear to be stable throughout embryonic development (from fertilization to ZGA) (Fig. 2 , B and C, and database S1). Another 37 H3K27me3-enriched domains appeared specifically at ZGA (Fig. 2C) . Most of the H3K27me3 reprogramming occurred between cycles 9 and 13 (pluripotent stage) (Fig. 2, B and C) . H3K27me3 domains present in totipotent nuclei (before cycle 9) appear to be broader and less defined than those in later-stage embryos (Fig. 2D) . In contrast, none of the H3K27me3-enriched domains were present in E(z)-KD embryos ( Fig. 2B and database S1 ). Thus, Polycomb-mediated chromatin regulation occurs during early embryogenesis, even before zygotic transcription. Unexpectedly, the Hox cluster showed H3K27me3 enrichment long before segment formation (Fig. 2B) , suggesting an inherited repressed state that is maintained or remodeled in a segment-dependent manner later in development (23) .
As expected, E(z)-KD embryos displayed zygotic expression of E(z) mRNA at ZGA (Fig. 3A , green bar). However, none of the E(z)-KD embryos, including those generated with a different short hairpin RNA, completed embryogenesis ( Fig. 3B and fig. S3, A and B) . A large fraction of late-stage E(z)-KD embryos showed homeotic transformation, suggesting misregulation of Hox genes ( fig. S3C ). We investigated whether homeotic transformation arises from altered expression patterns of gap and pair-rule genes, which encode transcription factors that regulate segmentation and establish Hox gene expression (24) . Indeed, E(z) was previously suggested to regulate the expression of the gap genes knirps and giant (25) . However, none of the early segmentation genes displayed altered expression patterns in E(z)-KD embryos ( fig. S3 , D to H). These data suggest that intergenerationally inherited and pre-ZGA H3K27me3 are essential for correct Hox patterning later in development. Further, overexpression of E(z) from ZGA onward did not markedly improve the survival of embryos lacking H3K27me3 during early embryogenesis ( fig. S3A ). Overall, the data suggest that the lack of H3K27me3 and E(z) prior to ZGA cannot be rescued by the zygotic expression of E(z) (Fig. 3, A and B, and fig. S3 , A to C), consistent with roles for maternal extra sex combs (esc/EED in vertebrates, another PRC2 component) and maternal Utx (the H3K27me3 demethylase, KDM6A in vertebrates) in Hox gene regulation during embryogenesis (16, 26) .
To confirm the E(z)-KD data, we used a wellestablished temperature-sensitive allele of E(z),
. E(z)-TS embryos raised at a nonpermissive temperature did not display H3K27me3 and did not complete embryonic development (Fig. 3, C and D) . When E(z)-TS embryos were shifted to the permissive temperature at ZGA, the H3K27me3 levels were restored ( fig. S3L ), providing the opportunity to reestablish repressive chromatin domains through the aromatic cage domain of Esc (EED) and the subsequent recruitment of PRC2 (27) . Despite the restoration of H3K27me3, 80% of the shifted E(z)-TS embryos did not complete embryonic development; of these, almost 50% showed homeotic transformations ( Fig. 3E  and fig. S3M ). Hox genes were misexpressed starting from stage 9 or 10 (after gastrulation) ( fig. S3, N and O) , and the Hox gene Abdominal-B (Abd-B) was deregulated, despite the presence of H3K27me3 in the same embryo ( fig. S3P ).
In addition, we used a histone H3 Lys 27 → Met mutant (H3K27M) that in Drosophila has been shown to phenocopy PRC2 loss of function (28) . Maternal (pre-ZGA) and zygotic (post-ZGA) expression of H3K27M effectively reduced H3K27me3 levels, but only maternal H3K27M expression caused embryonic lethality (Fig. 3, F and G) . Homeotic transformations, as well, were observed only when H3K27M was expressed from pre-ZGA onward (Fig. 3, H and I, and fig. S3Q ). These data, together with the E(z)-KD and E(z)-TS data, further confirm that epigenetic regulation at the Hox cluster occurs during early embryonic development, before ZGA. We propose that H3K27me3 stabilizes an inherited, default-repressed chromatin state of the Hox cluster.
ZGA is characterized by de novo deposition of active histone marks, including H3K4me3, H3K27ac, H3K36me3, and H3K4me1, as well as by the active recruitment of RNA polymerase II to chromatin (9, 11, 12) . We found that the absence of pre-ZGA H3K27me3 did not affect ZGA timing or RNA Pol II-Ser2P (phosphorylated RNA polymerase II) recruitment to chromatin ( fig. S4, A and B) .
Next, we evaluated the epigenome at ZGA in embryos that lacked pre-ZGA H3K27me3. We http://science.sciencemag.org/ performed ChIP-seq for the active histone marks H3K27ac and H3K4me1 at ZGA in wild-type and E(z)-KD embryos. Heat maps centered on the H3K27ac peak summit revealed the de novo appearance of H3K27ac signals in E(z)-KD embryos (Fig. 4A, top, and fig. S4C ), whereas H3K27ac signals were unaltered in other genomic regions (Fig.  4A, bottom, and fig. S4C ). The de novo H3K27ac peaks in E(z)-KD embryos overlapped with regions that are strongly enriched for H3K27me3 in wildtype versus E(z)-KD embryos (Fig. 4A and fig. S4C ); this finding suggests that pre-ZGA H3K27me3 prevents aberrant accumulation of active H3K27ac marks in neighboring domains at ZGA. H3K27ac marks are usually associated with active enhancers. Indeed, the de novo H3K27ac peaks acquired in E(z)-KD embryos fall into a large subclass of enhancers marked by H3K4me1 and H3K27me3 in wild-type embryos-a chromatin state associated with repressed or poised enhancers (Fig. 4A) (29, 30) . Moreover,52 of the top 200 de novo H3K27ac peaks overlap with genomic sequences previously shown to function as transcriptional enhancers (fig. S4,  D to G) (31) .
We used a conservative approach to determine the closest gene to the top 200 de novo H3K27ac peaks gained in E(z)-KD embryos (the top 200 H3K27ac-associated genes; database S2). We hypothesized that the loss of pre-ZGA H3K27me3 and corresponding gain of H3K27ac triggers aberrant activation of poised enhancers, causing transcriptional defects. To test this hypothesis, we performed total RNA-seq of both wild-type and E(z)-KD embryos at different developmental stages, including at cycles 9 to 13 (pluripotent stage) and at cycle 14 (ZGA) (database S3). We found that the top 200 H3K27ac-associated genes were up-regulated specifically at ZGA in E(z)-KD embryos relative to wild-type embryos, and not at cycles 9 to 13. (Fig. 4B and fig. S4H ). The spread of de novo H3K27ac overlapped with H3K27me3 depletion and transcriptional defects in E(z)-KD embryos, and with H3K4me1 regions in wild-type embryos, as exemplified for the region shown in Fig. 4C . Metaprofile analysis showed that H3K27ac levels increased specifically at the promoter regions of the top 200 associated genes in E(z)-KD embryos ( fig. S4, I and J). We confirmed the relative transcriptional up-regulation and H3K27me3 depletion on a subset of genes in E(z)-KD embryos (Fig.  4, D and E, and fig. S4K ). Thus, loss of maternally inherited E(z) and H3K27me3 leads to aberrant activation of a subset of genes at ZGA.
Gene ontology term analysis of the top 200 H3K27ac-associated genes showed a strong enrichment for embryonic patterning, segmentation, and other developmental programs ( fig. S4L) . We found that a subset of the top 200 de novo H3K27ac peaks identified in E(z)-KD embryos also accumulated H3K27ac in wild-type late embryos ( fig. S4, M  and N) . ChIP-qPCR at the upstream regions of genes with increased expression in E(z)-KD versus wild-type embryos at ZGA. *P < 0.05, **P < 0.01, ***P < 0.001; t test, n = 3. (GluRIIA and CG14013 share the same regulatory region.) See fig. S4K . S4O). We also observed H3K27ac spreading at the Hox cluster ( fig. S5A) , which suggests that loss of pre-ZGA H3K27me3 and accumulation of H3K27ac resulted in altered chromatin states at this locus and caused the transcriptional defects later in development ( fig. S3N ). The accumulation of H3K27ac at the Hox cluster in E(z)-TS embryos was not reversed after shifting the embryos to the permissive temperature at ZGA, consistent with persistent homeotic transformation and lethality (Fig. 3, C to E, and fig. S5A ). Thus, maternally inherited and pre-ZGA H3K27me3 restricts lineage-specific gene expression and regulatory regions by preventing their precocious activation at ZGA.
Our results indicate that H3K27me3 is intergenerationally inherited from the maternal germ line and resists reprogramming events during early embryogenesis in Drosophila. At lower levels, H3K27me3 is also retained in mature sperm, which suggests that epigenetic information carried by modified histones is also contributed to the zygote paternally (2, 3, 8, 10, 19) . Propagation of germ line-inherited H3K27me3 by maternally supplied PRC2 prevents the aberrant spread of active histone marks and ectopic expression of lineage regulators at ZGA. Our data suggest that a Polycomb-based chromatin signature represses and poises early developmental enhancers at ZGA. PRC1 was shown to be required only after ZGA (32) . Therefore, although PRC1 has also been shown to be retained through DNA replication and potentially provide maintenance of transcriptional silencing through cell division (33), we suggest that the Polycomb intergenerational epigenetic memory of repressed states is propagated solely through the H3K27me3 mark. We also show that the Hox cluster resides in a repressed chromatin state, marked by H3K27me3, throughout early embryogenesis until its chromatin is remodeled in a segment-specific manner later in development (23) , as suggested for vertebrates (34) . Therefore, the epigenetic memory imposed by PRC2 is germ line-inherited and appears to function much earlier than previously appreciated (5) . H3K27me3 was recently shown to be present on pre-implantation embryo chromatin in mouse; we speculate that H3K27me3 could have similar functions during mammalian embryogenesis (35) . We further propose that environmentally induced alterations of histone modifications in the adult germ line could contribute to transgenerational epigenetic inheritance.
